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Domain-wall nanoelectronics is considered to be anew paradigm for non-volatile
memory and logic technologies in which domain walls, rather than domains, serve as
anactive element. Especially interesting are charged domain walls in ferroelectric
structures, which have subnanometre thicknesses and exhibit non-trivial electronic
and transport properties that are useful for various nanoelectronics applications' >,
The ability to deterministically create and manipulate charged domain walls is
essential torealize their functional properties in electronic devices. Here we report a
strategy for the controllable creation and manipulation of in-plane charged domain
wallsin BiFeO, ferroelectric films a few nanometres thick. By using an in situ biasing
technique within a scanning transmission electron microscope, an unconventional
layer-by-layer switching mechanism is detected in which ferroelectric domain growth
occursinthedirection parallel to an applied electric field. Based on atomically
resolved electron energy-loss spectroscopy, in situ charge mapping by in-line
electron holography and theoretical calculations, we show that oxygen vacancies
accumulating at the charged domain walls are responsible for the domain-wall
stability and motion. Voltage control of the in-plane domain-wall position within a
BiFeO, film gives rise to multiple non-volatile resistance states, thus demonstrating
the key functional property of being a memristor a few unit cells thick. These results
promote abetter understanding of ferroelectric switching behaviour and provide a

new strategy for creating unit-cell-scale devices.

Ferroelectricity iswhen materials exhibit aspontaneous electric polari-
zation that is switchable by an applied electric field, which makes it a
useful property for various technological applications*. As recently
astwodecades ago, ferroelectricity was commonly consideredtobea
macroscopic phenomenon and, consequently, ferroelectric materials
were sidelined by the nanoscience boom. Inthe intervening time, the
field has seen an extraordinary turnaround. New applications of fer-
roelectrics down to the nanometre scale have been demonstrated'?,
turning the focus of the field onto low-dimensional geometry. Recent
developments have pushed the limits even further, aiming to determin-
istically control the nanodomains and subnanometre-thick domain
walls?, making it possible to manipulate ferroelectric switching at the
atomic scale. By engineering the desired properties of domain walls,
new findings indicate the possibility of using a single domain wall as
anelectronic device’.

Ferroelectric domain walls are regions that separate uniformly
polarized domains with different polarization orientations. Domain
walls exhibit reduced dimensionality and different symmetry from the
host material, giving rise to physical properties that do not existin the

surrounding uniformly polarized domains. For example, domain-wall
conductivity* "and unconventional magnetic?and optical® properties
of domain walls have been discovered in ferroelectric thin films such
as BiFeO,(BFO)*", ErMnO,(refs. ”°*?) and BaTiO, (refs. ®°).

Domain walls can be either electrically neutral or charged. The
neutral domain walls carry no net bound charge, that is, the normal
component of polarization is continuous across the wall. By contrast,
ina charged domain wall, bound charges appear at the wall owing to
discontinuity of the normal component of polarization. Domain walls
can also be out-of-plane or in-plane depending on whether they are
perpendicular or parallel to the film surface. Inferroelectric thin films
with out-of-planeelectric polarization, electrically neutral out-of-plane
domainwalls normally occur (Fig. 1a), which keep both the domain-wall
energy density and the domain-wall area low. The charged in-plane
domainwalls (Fig.1b) are muchrarer insuchferroelectric films, owing
toalargeelectrostatic energy associated with the polarization charge
aswellas alarge domain-wall area thatis not limited by film thickness.
Although such domain walls are uncommon, they offer new functionali-
ties that are not provided by the out-of-plane domain walls. A notable
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Fig.1|Real-time observation of ferroelectric domain switching behaviour.
a,b, Aneutral out-of-plane (a) and charged in-plane (b) domain wall (DW) ina
ferroelectric film with out-of-plane electric polarization. The arrows represent
the polarization vectors P. ¢, A sketch of the SRO-BFO-SRO heterostructure
andtheinsitubiasing experiment.d-f, HAADF-STEM images of the SRO-BFO-
SROfilmcross-sectionin the (100) plane under aninsituelectricbiasof O V

(d), 1V (e) and 5V (f). The normal component of polarizationin BFOis indicated
byredandbluearrows, and the domain wallis marked by ared dashed lineine.
g-i, The cross-sectional lattice map, in which the c/aratiois indicated by colour

exampleis a ferroelectric tunnel junction (FTJ)* that exploits switch-
able polarization of an ultrathin ferroelectric barrier to control tunnel-
ling conductance, in which an in-plane domain wall creates quantum
confinement leading to resonant tunnelling”® and domain-wall tunnel-
ling electroresistance effects'.

The quasi-two-dimensional nature of domain walls is appealing for
nanoelectronics owing to emerging opportunities for the design of
electronic building blocks and circuitry at the nanoscale. To realize
this potential, the deterministic control of domain walls is essential
for device operation. However, previously the manipulation of domain

ateachunitcell ofthestructures displayedin d-f, respectively, and polarization
vectors areindicated by black arrows. j-1, The plane-averaged c/aratio (solid
blue squares) and out-of-plane off-centre displacement (solid red squares)
compared with DFT calculations (openblue and red squares, respectively)
forthestructures displayedin d-f, respectively. The error bars reflect the
standard error of the meanin each atomic row. A positive value of off-centre
displacementindicates that the displacementis along the [001] direction.

By using theinsitutechnique, the whole process of domain switching is
performed dynamically at the atomicscale.

walls has been mostly performed at the micrometre scale’” *7*°, The
control of domain walls, especially charged domain walls, is still lack-
ing at the atomic scale, but it isimportant in the miniaturization of
electronic devices. Such control requires direct monitoring of the
polarization reversal process under an applied electric field down to
subangstrom spatial resolution, which s technically hugely challeng-
ing. The precise monitoring of domain-wall dynamics behaviour and
the accompanying charge transfer are essential for explaining the
mechanism of polarization reversal, which is critical for creating new
thin-film ferroelectric devices.
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Inthiswork we reportastrategy to create, move and erase anin-plane
charged domainwall with a‘tail-to-tail’ configurationin SrRuO; (SRO)-
BFO-SRO heterostructures. Layer-by-layer ferroelectric switching is
directly observed accompanied by charge accumulation, by using an
insitubiasing technique. The whole process of polarization reversal is
investigated step by step and atom by atom, by using high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging. A combination of electron energy-loss spectroscopy (EELS),
in-line holography and first-principles density functional theory (DFT)
calculations reveals the motion of a charged domain wall through
positively charged oxygen vacancies. By using voltage control of the
domain-wall positioning within the BFO film, multiple non-volatile
resistance statesare realized, demonstrating the key functional prop-
erty of being amemristor a few unit cells thick.

The designed SRO-BFO-SRO trilayer structure is shown in Fig. 1c.
Aferroelectric BFO film of variable thickness, ranging from 2 unit cells
to 20 unitcells, is sandwiched between 5-nm-thick symmetric conduc-
tive SRO electrodes. The film is grown on a (001) Nb-doped SrTiO,
(STO) single-crystal substrate (Extended Data Fig.1). Anexternalinsitu
bias voltage is applied by a tungsten probe (Methods and Extended
Data Fig. 2), while atomic HAADF-STEM images of the film are simul-
taneously recorded (Fig. 1d-f). Both the top and bottom BFO-SRO
interfaces are atomically sharp as indicated by the clear contrast. For
each unit cell, the c¢/a lattice parameter ratio and polarization vector
are extracted from the STEM images (Methods) and are displayed in
Fig.1g-i. Asis evident from Fig. 1j-1, variations of the plane-averaged
c/aratio and the off-centre displacement across the SRO-BFO-SRO
trilayer obtained from the STEM data are in excellent agreement with
those obtained from our DFT calculations (Methods).

A nanometre-thick BFO film exhibits a single ferroelectric domain
structure at the initial state (Fig. 1d,g,j). Polarization vectors have a
uniform out-of-plane direction in all BFO atomic layers, showing a
high spontaneous polarization consistent with previous work?’. How-
ever, when anin situ bias of 1 Vis applied, an atomically flat in-plane
domain wallis created (Fig. 1e,h,k). This domain wall is characterized
by the normal components of polarization pointing away from the
domain-wall plane, thus representing a charged tail-to-tail domain
wall. At the domain-wall area, the lattice structure exhibits a distor-
tion with ¢/a=1.08-1.10, largely owing to the changing c parameter
across the structure (Extended Data Fig. 3). Surprisingly, the created
in-plane charged domainwallis very stable. Even when the bias voltage
is turned off, the BFO film still maintains this tail-to-tail polarization
overalongtime (Extended DataFig.4). When the applied insitu voltage
rises to 5V, the charged domain wall vanishes and the polarization is
fully reversed (Fig. 1f,i,I). Thus, by using the designed heterostructure
and theinsitu biasing technique, a charged domain wallis created and
erased in the BFO film plane.

Alayer-by-layer motion of the domain wallis observed with applied
bias changing from 0.5to 1.5 V. Figure 2a-c shows the dynamic transfor-
mation of the polarization profile across the BFO film with the increas-
ing applied voltage. It is seen that the tail-to-tail domain wall migrates
steadily fromone BFO atomiclayer to another, showing layer-by-layer
polarization switching. Because a charged domainwallis expected to
be energetically unfavourable, there must be an underlying mechanism
for screening the polarization charges at the domain wall. To explain
the screening mechanism, we investigated the charge distribution
across the domain wall during its migration by using EELS and in-line
electron holography techniques complemented by DFT calculations
(Methods). Fine structures in the EELS Fe-L and O-K edges are quan-
tified as the Fe/O abundance ratio (right panels of Fig. 2a-c). At the
domain-wall area, the Fe/O ratio is notably enhanced. This is because
of the reduction in the O concentration at the domain wall as no rela-
tive change in the Fe concentration is observed from the EELS data
(Extended Data Fig. 5). The Fe/O atomic ratio determined from the
EELS data indicates an enhanced population of positively charged
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oxygen vacancies at the domain wall, which is also evidenced by the
distortions of the oxygen octahedra (Extended Data Fig. 6). This con-
clusionis confirmed by our DFT calculations, which show that oxygen
vacanciesinthe SRO-BFO-SRO structure help to stabilize thein-plane
domain-wall configuration (right panelsin Fig.2d-fand Extended Data
Fig.7).lonized oxygen vacancies provide a positive bound charge that
screens the negative polarization charge at the tail-to-tail domain wall,
whereas the negative electron charge goes to the interfaces, resultingin
astable domain-wall configuration. The explicit charge balance across
the domain wall is obtained from in-line holography measurements,
which allow the direct detection of the charge distribution with high
resolution and accuracy® %, Figure 2d-fshows the obtained evolution
ofthe charge distribution with the domain-wall motion fromthe top to
bottominterface. Itis seen that a positive charge density isaccumulated
atanin-planelocalized area, precisely where the charged domainwallis.

The motion of the domainwall across the ferroelectric layer is accom-
panied by changes in the electrical resistance of the SRO-BFO-SRO
FTJ (see Methods for the details of -V measurements), which exhibits
distinctive memristive features that are characterized by multiple
non-volatile resistance states. The /-Vcharacteristics of the FT) reveal
pinched hysteresisloops (Extended Data Fig. 8a), whichis asignature
of the memristive behaviour?*?, Notably, the measured electric cur-
rent and the associated resistance display pronounced jumps with
increasing voltage. In Fig. 2g-h, three current and resistance jumps
are observed. The resistance decreases in a step-like pattern, distinct
from the stepless change in ordinary memristorsin which aconductive
filament is formed and ruptured®?. Itis notable that the step-like /I-V
feature persistsin a much larger area of the sample (Extended Data
Fig. 8b). These tests demonstrate the non-volatile character of these
resistance states, which can be obtained at specific values of voltage.

The observed stepwise character of the resistance originates fromthe
layer-by-layer motion of the ferroelectric domain wall across the BFO
film under the applied bias voltage. By measuring the resistance during
theinsitubiasing process (Extended Data Fig. 8c,d) and simultaneously
monitoring the polarization configurations (Fig. 2i,j), clear correlation
isfound between the resistance steps and the different positions of the
domainwallwithin the BFO layer. This process reveals good reproduc-
ibility and reversibility. Therefore, the ‘quantized’ resistance behaviour
isassociated with the in-plane domain wall moving layer-by-layer and
being stabilized at each atomic layer in BFO for a certain bias voltage.
Each ofthese domain-wall states are characterized by different resist-
ancevaluesbetweenthose two associated with the polarizationstates at
saturation. Thismechanism s different from resonant tunnelling result-
ingin conductance steps owing to the quantum-well states associated
withaferroelectric domain wall***, Thus, by applying a voltage, not only
islayer-by-layer switchingrealized, but also multiple polarizationand
resistance states can be precisely and reversibly controlled. Along with
the motion of acharged domainwall, theresistance can be modulated
attheunit-cell scale--the minimum scale for multiple resistance-state
device control. This property manifests a new type of a unit-cell-level
FT) memristor, whichis determined by the voltage-controlled position-
ing of the in-plane domain wall within the ferroelectric layer, as shown
in Fig. 2k. This type of memristor is different from the ferroelectric
memrristor, in which the fraction of the switched domain determines
the FTJ resistance?,.

The observed layer-by-layer polarization switching mechanism is
characterized by the ferroelectric domain growthin the direction paral-
leltothe applied electricfield, whichis different from the conventional
mechanisminwhich the ferroelectric domain polarized along the field
direction grows perpendicular to the applied field®'. This is due to
the polarization and screening charges being distributed uniformly
parallel tothe BFO film plane, rather than being accumulated at specific
nucleation sites®*%. This special charge distribution pattern originates
from the symmetric SRO-BFO-SRO layered structure design, in which
the same atomic terminationis engineered at bothinterfaces withaBiO
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Fig.2|Layer-by-layer domain-wall migration with multiple resistance
states.a-c, HAADF-STEM images of SRO-BFO-SRO film with controlled
voltagesof 0.5V (a),1V(b)and 1.5V (c). The polarization vectors (red and blue
arrows) and domain walls (red dashed lines) are superposed. The right panels
show the Fe/O abundance ratio obtained from EELS across the BFO structures.
Theerrorbarsarethe standard errors for determining the quantification ratio
over five EELS line-scanning measurements. d-f, Charge distribution mapping
ofthe polarizationstatesina-c, respectively. The SRO-BFOinterfacesare
indicated by black dashed lines. The right panels show the results of the DFT
calculations for the SRO-BFO-SRO heterostructures with oxygen vacancies
(V,, bluecircles) at the domain walls. The block arrows indicate the polarization
vectors.g,h, The/-Vcurves (g) and the corresponding R-V curves (h) resulting

monolayer in BFO facing a RuO, monolayer in SRO. This termination
is evident from the SRO-BFO-SRO atomic structure obtained from
our elemental energy-dispersive X-ray (EDX) spectroscopy measure-
ments (Fig. 3a-e). The symmetric interface structure is not prone to
producing abuilt-in electric field across the ferroelectric spacer layer
and, thus, when the ferroelectric layer is thin enough, it is capable of
sustaining the charged domain wall with the associated screening
charges. On the contrary, for the similar SRO-BFO-SRO structure
with asymmetricinterfaces, the layer-by-layer polarization switching
mechanism is extinguished by the presence of a built-in field across
the BFO layer (Extended Data Fig. 9). As aresult, in symmetrically ter-
minated SRO-BFO-SRO structures with athin BFO layer of several unit
cells, the domain wallis widely observed to be atomically flat without
nucleation steps (Fig. 3f,g). However, with anincrease of BFO thickness,
screening by oxygen vacancies becomeslesshomogeneous, resulting
in an increased probability of obtaining a domain wall with a nuclea-
tionfeature (Fig. 3h,i and Extended Data Fig.10). Domain walls start to

from layer-by-layer polarization switching. The black arrows show the
sweepingdirection of the voltage. Thered arrows ingindicate currentjumps
asthevoltageincreases (wine-coloured line). The abrupt resistance shifts in
hfollow the layer-by-layer domain-wall motion, resulting in distinct polarization
states with the domainwalllocated at different atomic layers of BFO (insets).
i,j, Thereversibility of the charged domain-wall motion. The polarization
state of BFO showninjcorresponds to the checkpointsinthe voltage cycling
showniniwithred (green) pointsindicating positive (negative) voltages.

k, Schematic of an envisioned memory crossbar array based on the SRO-
BFO-SRO heterostructure with multiple polarization states as bit cells.

The polarization charges are accumulated at tail-to-tail domain walls and
move layer-by-layer in BFO film forming multiple resistance levels.

zigzag, and eventually become charge-neutral out-of-plane walls in a
bulk-like 20-unit-cell-thick BFO film (Fig. 3j). As aresult, the ferroelec-
tric polarization switching mechanism changes fromthe layer-by-layer
motion parallel to the applied electric field (E-field) to conventional
ferroelectricdomain growth perpendicular to the applied field (Fig. 3k).
Based on these observations, the necessary conditions to stabilize an
in-plane domainwallinaferroelectric filmandtorealize layer-by-layer
polarization switching are symmetric interfaces of the ferroelectric
layer, their in-plane homogeneity on the atomic scale and sufficiently
small thickness of the ferroelectric layer.

Our direct observation of in-plane charged domain walls in fer-
roelectric heterostructures designed to be a few nanometres thick,
their deterministic creation, manipulation and annihilation by applied
voltage, as well the demonstration of their memristive functional-
ity associated with the multiple non-volatile resistance states, have
important consequences both for the fundamental understanding of
the domain-wall properties in nanoscale ferroelectrics and for their
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Fig.3|Atomicstructure and behaviour of domain walls with varying BFO
film thickness. a-e, EDX maps of the SRO-BFO-SRO heterostructures with
false colour (a) overlaid on Bi (b), Fe (c), Sr (d) and Ru (e). Scale bars,1 nm.

f-j, HAADF images of BFO films with thickness of 2 (f), 4 (), 5 (h), 6 (i) and 20

(j) unitcells (u.c.). Ferroelectricdomains with opposite polarization directions

application in advanced technologies. In particular, the unambigu-
ous correlation between the charged defects (oxygen vacancies) and
the domain-wall stability and motion puts forward the importance
of electrochemistry in the observed ferroelectric phenomena at the
nanoscale®. The high mobility of oxygen vacancies and their ability to
efficiently screen polarization charges may control the ferroelectric
switching behaviour in various types of FTJs*** as well as in bulk fer-
roelectrics, such as the recently discovered orthorhombic hafnia®**.
Clearly, the discovered mechanism of in-plane domain-wall formation

660 | Nature | Vol 613 | 26 January 2023

n-BFO thickness (u.c.)

areseparated by domainwalls (red dashed lines). Scale bars, 2 nm. k, Adiagram
ofthe domain growth and domain-wall type under varying BFO film thickness
(n-BFO). The probability of a zigzag domain wall (DW) is calculated by N,/

(Nyp + Nop) with Nop and N, being the number of unit cells along the out-of-plane
andin-planedirections, respectively.

and layer-by-layer polarization switching has general importance
and may occur in ferroelectric capacitors and FTJs with different
types of metal electrodes and ferroelectric spacer materials, such as
La,,Sr,;Mn0O,-BFO-La,,Sr,;Mn0; and SRO-BaTiO;-SRO (Extended
DataFig.11). The in-plane domain wall may be considered to be anew
interfaceartificially created within the ferroelectric layer, which canbe
controlled by applied voltage and has dynamic characteristics allow-
ing the real-time adjustment of its position. Owing to electronic con-
finement and the specific chemical environment, the spatially mobile



ferroelectricdomain walls offer a wide range of functional properties
such as the demonstrated memristive functionality, which may be
useful for new nanoscale ferroelectric devices.
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Methods

Sample preparation

The SRO-BFO-SRO trilayer structures with different thicknesses
were grown by alaser-molecular beam epitaxy technique onto atomi-
cally smooth (001) Nb-doped (0.7 wt%) STO single-crystal substrates
(Crystec GmbH) with a small miscut angle (<0.5°) by using aKrF (wave-
length 248 nm) laser. Here the conducting SRO layers were used as the
top and bottom electrodes. A laser spot size of 4 mm?at a frequency
of 3 Hz was created for ablating the stoichiometric targets (Bi,,FeO,
and SRO). The substrate was placed ata 6.5 cm distance directly above
the BFO and SRO targets. The SRO layers were deposited at asubstrate
temperature of 600 °Cinaflowing oxygenatmosphere of 100 mTorr by
usingalaser fluence of1.2J cm™ The conditions for the BFO layer were
adjusted to 600 °C and 130 mTorr by using a laser fluence of 1) cm™.
During the growth, insitu high-pressure reflective high-energy electron
diffraction was used to monitor the film thickness. After deposition,
the samples were cooled to room temperature under pure oxygen at
acooling rate of 5°C min™ to reduce the oxygen vacancy.

Insitu experiment and imaging

Samples were prepared into the cross-sectional lamella by a focused
ionbeam and were mounted ona Hysitron PI-95 sample holder. A bias
voltage was applied by the sample holder, which electrically connected
thebottom SRO electrode and the Nb-doped STO conductive substrate
(Supplementary Fig. 2). The conductive probe provided an electrical
path through the capping Pt and the top SRO layer. A partition was
made in the sample to make sure that there was no series connection
between the top SRO and the substrate. The microstructure and ele-
ment distribution were characterized by using aberration-corrected
STEM at high-angle annular dark-field mode onan FEI Titan G>80-200
microscope at an emission voltage of 200 kV, equipped with a Super-X
EDX and GatanImageFilter (GIF) detector. To reduce random noise in
the HAADF-STEM images, a Fourier filter mask was used.

Obtaining cross-sectional lattice parameters map and
polarization vectors

The out-of-plane lattice parameters c and the in-plane lattice para-
meters a were quantified for each unit cell of the structure based on
HAADF-STEM measurements. Then a ¢/a ratio was obtained for each
unit cell to characterize the local distortion of the lattice structure.
Polarization vectors were obtained from the off-centre displace-
ment of the B-site atom (Fe and Ru) with respect to the A-site atom
(Biand Sr) for each unit cell.

Determination of atomic positions

Allatomic column positions in the measurement of off-centre displace-
ments were determined by using a multiple-ellipse fitting method*®.
Atomic columns were fitted by a series of ellipses to outline the shape
and intensity, then were then precisely located.

Theoretical modelling

DFT-based calculations were performed by using the projector-
augmented wave method*#°, asimplemented in the Vienna ab-initio
simulation package*. An energy cut-off of 400 eV, and an exchange
and correlation functional of the local density approximation with
Hubbard-U correction (U=3.5eV for the Fe-d orbital) were used
throughout. The SRO-BFO heterostructure was modelled by a[SRO]; s~
[BFOl,s-[SRO]; superlattice. The in-plane lattice constant was con-
strained to be the local density approximation calculated value of bulk
cubicSTO, a=3.86 A, to simulate epitaxial growth on a STO substrate.
Both SRO and BFO were assumed to be in the tetragonal phase with
¢/a=1.01for bulk SRO and ¢/a =1.09 for bulk BFO. The spin-polarized
calculations were performed to account for the ferromagnetic state
of SRO and the antiferromagnetic state of BFO. For the single domain

structure, the polarization was along the [001] direction characterized
by the atomic displacements along the z direction. For the tail-to-tail
domain-wall structure, the polarization was canted from the [001]
direction with a finite [110] polarization component. The oxygen
vacancies were modelled by removing one O atom from the central
BiO plane. Both the out-of-planelattice constantand the internal atomic
positions were fully relaxed until forces were less than 0.01eV A™.
A6x6x1(10 %10 x 1) k-point mesh was used for the structural relaxa-
tion (self-consistent) calculations.

In-line electron holography measurements

In-line holography was carried out by using TEM (Titan G2 60-300, FEI)
operated at 300 kVwithan objective aperture of 10 umin diameter to
select the transmitted beam. A total of 20 bright-field TEM images at
defocus values ranging from -1 um to +1 pm were acquired in 100 nm
steps. To minimize the electron-beam damage, the bright-field
TEM images were obtained at a magnification of 4.9 x 10° under an
electron-dose rate of 80 e As™'. The obtained in-line electron holo-
grams were used to reconstruct the phase shift of the transmitted beam
by using iterative methodology* .

Electrical measurements

The/-Vcurve measurements were performed at room temperature by
using acommercial atomic force microscope withaconductive-atomic
force microscopy (AFM) mode (PARKNX10). The samples were mounted
on around metal holder by using silver paste and were connected to
the internal source electrode of the atomic force microscope. Bias
sweeps were applied to the sample from the internal source and the
current was measured through commercial silicon tips coated with Pt
(Multi75E-G, Budget Sensors) by the internal lock-in units of the atomic
force microscope. The bias sweeps were settled as a positive to nega-
tive voltagecircle, like O Vto+10 Vto-10 Vto 0 V, with atime period of
100 (0.1Vs™) andthe currents were measured withalimit of 100 pA.

AFM and piezoelectric force microscopy characterizations
Thetopography and ferroelectricity were measured by usingthe AFM
and piezoelectric force microscopy modes, respectively, of acommer-
cial scanning probe microscope (Asylum Research MFP-3D) at room
temperature. For the piezoelectric force microscopy measurements,
Ptcoated probes (AC240TM, spring constant of approximately2 N m™,
Olympus, Japan) were used under the drive frequency of approximately
270 kHz, adriveamplitude of 1V and atrigger force of 80 nN (Extended
DataFig.12).
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Extended DataFig. 3| Changing ofindividual lattice parameter cand d-f,Mapsofclattice parameterin (a-c).g-i, Maps of a lattice parameter in
aduring domain switching. a-c¢, HAADF-STEM images of SRO/BFO/SRO (a-c). Toavoid thedriftin samplerecording, theimages are obtained using
which arethe same as Fig. 1d-fduring polarization switching. Scale bars,2nm. various beam scanning directions.
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Extended DataFig. 4 | Exhibition of BFO film with tail-to-tail domain wall charged domain wallin BFO film after 24 months. The areais highlighted by a
onlargescaleandinlongtime.a, The HAADF-STEM image of BFO film with yellow rectanglein (a). Tail-to-tail state still maintained for over 24 months.
atomically flat charged domain wall on alarge scale. Scalebars, 5 nm.b, The Scalebars,2 nm.
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Extended DataFig. 5| EELS analysis of Fe-L and O-K edges in different
tail-to-tail domain wall states. a-c, Atomicresolution line scanning EELS of
Fe-L,;edgestakenalong BFO filminFig.2a-c.Eachspectrumis demonstrated
fromthe signal summing up of one layer of Fe. The shifts of Fe-L edges areless
than0.2 eV, reflecting the unchanged valence state in Fe. d-f, Atomic resolution
line scanning EELS of O-K edges taken along BFO unit cellsin Fig.2a-c. Original
signals are drawn by grey dots, superposed by smoothed spectra.g-i, The
intensity ratio of peak A and peak B for O-K edgesin (d-f). Theratiois calculated
asl,/ly, indicated by black circles (filled circles: domain wall regions). Error bars

arethestandard error for determining thel,/I; over five measurements. Two
features canbe found inthe O-K'spectra: the pre-peak A, and the post-peak B.
Therelative intensity of peak A (1,) and peak B (1), displayed as 1,/1, is used to
evaluate the oxygen vacancy population*. Inour case, anincreasedl,/I;
corresponds to excess of oxygen vacancies. The relative intensities are sizably
enhanced at the domain wall area (Fig. S2g-i). These quantified results confirm
theaccumulation of oxygen vacancies where the charged domain walls are
created.
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Extended DataFig. 6 | Distortion of oxygen octahedroninBFO during
domain-wall migration. a, The integrated differential phase contrast (iDPC)
STEMimage of the uniformly polarized state. Inset presents unit cell schemes
withBi,Fe, O,Sr,and Ruatoms (red, green, blue, yellow, and dark blue, respectively).
Polarization vectors are presented by blueand red arrows at left.b, The iDPC-
STEMimage of “tail-to-tail” polarized state with schemes of atoms and
polarization vectors.Scalebars (a,b),1 nm. ¢, Thedistances of top and bottom
oxygen atoms for each BFO layer in “tail-to-tail” state from experimental and
calculationresults. The error bars are the standard error of meanin each layer.
d, The comparison of experimentand DFT calculation off-centre displacement
of oxygenoctahedraand Fe atoms for each BFO layer in “tail-to-tail” state.
Off-center displacementis defined asadistance from the centre of oxygen
octahedra (or Featoms) to the center of the Bilattices. Along with the
accumulation of oxygen vacancies, the distortion of oxygen octahedrain BFO
isalso observed. The positions of oxygen atoms are precisely determined using
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iDPC-STEMimagingtechnique. Usinga4-quadrant detector, theiDPC-STEM
imaging technique can observebothlight and heavy elements with clear
contrast. The light elements have a higher signal to dose ratio iniDPCimaging,
which makes oxygen visible*?. In the tail-to-tail state, the distances between
the top and bottom oxygen atoms are decreased at the domain wall, showing
aclear compression of oxygen octahedra. Accompanied by the compression
atthe domain wall, oxygen octahedraat the BFO/SRO interfaces are stretched,
leading to larger off-centre displacements. The lattice deformation across the
domainwallis further confirmed by our DFT calculations (Fig. S7c,d), which
demonstrate the quantitative agreement with experimental data. Previous
works also indicated that missing oxygen atoms in perovskite unit cells lead to
oxygen octahedratobe compressed***. The observed lattice distortion and
theaccumulation of oxygen vacancies around the tail-to-tail domain wall are
thestructural and electrical factors for the creation and manipulation of
charged domain wall, respectively.
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Extended DataFig.7|DFT calculations of the atomic structureindifferent
polarized statesin SRO/BFO/SRO. Fully relaxed atomic structure for single-
domainstructure (a,b) and tail-to-tail domainwall structure (c,d). Vo denotes
the oxygen vacancy at the first (b), second (c), and central (d) BiO layer. The
arrows schematically denote the layer-resolved polarization and the length

of arrows scales with the magnitude of displacements. When the uniform
polarization state is sustained in 4-unit-cell BFO film, a tail-to-tail domain wall
configurationisunstable. This behaviour changes when oxygen vacancies are
deposited at the domain wall. lonized oxygen vacancies provide a positive ionic

charge which screens the negative polarization charge at the tail-to-tail domain
wall, resulting in a stable domain wall configuration. For the oxygen vacancy
located in the first BiO monolayer from the interface, the atomic displacements
near the oxygen vacancy are enhanced, but the BFO layer maintains asingle
domainstructure. However, for the oxygen vacancy placed in the second or
central BiO monolayer, the atomic displacements are pointing away from the
oxygenvacancy layer, as expected from the positive charge of theionized
oxygen vacancy, forming atail-to-tail domain wall structure.
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Extended DataFig. 8 | Measured current and resistancein SRO/BFO/SRO
film. a, Current versus voltage curves measured by AFM on 4-u.c. SRO/BFO/SRO
film, 0.5V/s.Loops aredisplayed in chronological order. During the applied
voltage cycles, I-V curves exhibit the pinched hysteresis characterin
memristor. b, Digital meter measurement in SRO/BFO/SRO film. The measured
I-V curve using digital meter (details see below). The current exhibit jumps
during positive sweeping, which are indicated by red arrows. Black arrows show
the sweeping direction of voltages. Inset shows the diagram of measurement.
¢, The measurement of resistance during in-situ biasing process. The voltage-
time curveillustrates the write and read voltage sequences for measurements
of resistance. After applying the constant write voltage on film, the resistance
isread between-0.1Vand +0.1V. Sketches of equivalent circuit diagrams for
threetypical polarizationstates are exhibited atd, corresponding to the high
resistance state (High R), low resistance state (Low R) and intermediate states
inR-V curves. The change of polarization statesis discovered simultaneously

with the change of resistance in in-situ test, whichis consistent with the in-situ
imagingin Fig.2a-c. The vertical I-V measurement is performed at room
temperature. Thebottomand surface electrodes of the sample are silver paste
anda50-nm-silver film (about 0.17 square millimeter inarea) prepared by e-beam
evaporation, respectively. The DC voltage across the contacts is applied to bias
thesample, and thenthe currentis measured by adigital meter (Keithley 2611B).
The sweepingdirection of the voltage is from positive to negative and finally
returnsto theinitial state, e.g. from O volts to +1 volts to -1 volts and back to

O volts. We choose AFM test, in-situ test and digital meter test to confirmthe
currentand resistance characterin BFO film. AFM probe measurementis used
to examine the fine feature of I-V curve. In-situ probe measurementis used to
examine the correspondence of resistance change and domain wall dynamic
behavior. Digital meter measurementis used to examine the repeatability of
I-Vcharacterinalargeareaofsample.
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Extended DataFig.9|BFO films withasymmetric terminations.a-b, The Bi(red), Fe (green), Sr (yellow), and Ru (blue). The films have asymmetric
HAADF-STEM images of SRO/BFO/SRO film with asymmetric terminations. terminations. Inthe upper SRO/BFO interface, the terminationis FeO,, while
Film shows single domain states all the time under similar in-situ electric thebottominterface shows BiO termination. Scale bars,1 nm. Without the

operation. ¢, The elemental EDX maps of (a,b) with false-colour overlaid on symmetric termination, BFO exhibits a uniform polarization.



Article

Extended DataFig.10|BFO films with various thicknesses after applied
voltage.a-c, HAADF images of 2-unit cells thick, 5-unit cells thick, and 6-unit
cellsthick BFO films, respectively. Domain wall (red dashed line) and polarization
vectors (red arrows for polarized up and blue for polarized down) are superposed.
Scalebars,2 nm.
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marked by red and blue arrow. Domain wall is marked by dashed red line.
Interfaces are indicated by dashed white lines. Scale bars, 1 nm. BFO shows
uniform polarization atinitial state. After applying voltage of 5 volt, a tail-to-tail
in-plane charged domain wallis found. d, The magnified STEM image of SRO/
BFO/SRO structure with thick SRO electrodes. The thickness of SRO electrode
ismorethan14 nm. e-f, Atomic-scale HAADF-STEM images of SRO/BFO/SRO
filmatOVandS5V,respectively.Scalebars, 2 nm. Atail-to-tail in-plane charged
domain wallis still formed when SRO electrodes become thicker.g, The
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magnified STEM image of SrRuO,/BaTiO,/SrRu0, (SRO/BTO/SRO) structure.
h-i, Atomic-scale HAADF-STEM images of SRO/BTO/SRO filmat O Vand 5V,
respectively.Scale bars,2 nm.BTO shows uniform polarization atinitial state.
After applying voltage of Svolt, ahead-to-head in-plane charged domain wallis
found.j, The magnified STEM image of StTiO,/BiFeO,/StTiO; (STO/BFO/STO)
structure. k-1, Atomic-scale HAADF-STEM images of STO/BFO/STO filmat OV
and 10V, respectively. Interfaces of STO/BFO are indicated by dashed white
lines. Scale bars,1nm. BFO is switched without charged domain wall after
applying voltage of 10 volt. Without conducting electrodes such as SRO and
LSMOinfilm, BFO switches from the uniform polarization to the opposite
without forming charged domain wall.
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